Abstract: Radially and azimuthally polarized picosecond (~10 ps) pulsed laser irradiation at 532 nm wavelength led to the permanent reshaping of spherical silver nanoparticles (~30 -40 nm in diameter) embedded in a thin layer of soda-lime glass. The observed peculiar shape modifications consist of a number of different orientations of nano-ellipsoids in the cross-section of each written line by laser. A Second Harmonic Generation cross-sectional scan method from silver nanoparticles in transmission geometry was adopted for characterization of the samples after laser modification. The presented approach may lead to sophisticated marking of information in metal-glass nanocomposites.
Introduction.
Metallic nanoparticles embedded in dielectric matrices are a novel type of nanocomposite that exhibit unique linear and nonlinear optical properties that are dominated by the Surface Plasmon Resonance (SPR) of the nanoparticles. The spectral position and shape of the SPR band can be tuned in order to achieve the desired characteristics by choice of the metal and the dielectric matrix, or indeed by manipulation of the nanoparticle size, shape and spatial distribution [1, 2] . In order to adjust the SPR for spherical silver (Ag) nanoparticles embedded in dielectric matrix, femtosecond (fs-), picosecond (ps-) as well as nanosecond (ns-) pulsed laser irradiation of these materials have been investigated [3] [4] [5] [6] [7] [8] . The polarization state of the laser is of paramount importance for the reshaping process. Nanospheroids with their long axis along the polarization of the laser beam are produced upon irradiation with linearly polarized light [3] , while a circularly polarized irradiation led to the formation of nanodisks [4] . Reshaping of different metallic nanoparticles and nanoshels in other embedding media has been reported [9] [10] [11] [12] [13] Here we present the interaction of radially and azimuthally polarized ps-pulsed laser beams with glass containing spherical Ag nanoparticles. We demonstrate formation of peculiarly orientated Ag nano-ellipsoids and analyze their orientation within the irradiated lines using the known effect of Second Harmonic Generation (SHG) from elliptical nanoparticles [14] . Here, the presented SHG cross-sectional scan method, conducted in the transmission geometry, allowed for determination of the shape and position of nanoparticles within the modified areas.
Experimental methods
Spherical Ag nanoparticles embedded in soda-lime glass were utilized in the experiments. The Ag + -Na + ion exchange fabrication method was used with the glass comprising in wt. 3 and subsequent annealing at 400 °C in a H 2 reduction atmosphere [15] . This produced a ~ 20 µm layer of uniformly distributed spherical Ag nanoparticles on both sides of the 1 mm glass substrate. The embedded nanoparticle diameters range between 30 and 40 nm. Single layered samples were used in our experiments produced by etching away one layer with 12% concentrated hydrofluoric (HF) acid. The extinction spectra of such Metal-GlassNanocomposites (MGNs) exhibit characteristic SPR band centered at ~ 430 nm wavelength.
Irradiation of MGNs with linearly polarized ps or fs laser pulses at a wavelength matching or close to the SPR band of the nanoparticles leads to the uniform reshaping of the particles along the polarization direction of the beam [3, 5] . The dichroic effect that is present after irradiation of the sample in a multi-pulsed regime (e.g. Fig. 1 ) results in separation of the original SPR band into two: the first one shifted to longer wavelengths (representing the optical spectrum from the long axis of nanoparticles which is aligned to the laser polarization), and the second one to shorter wavelengths (representing the optical spectrum from the short axis of nanoparticles) [5, 16] . The separation distance between these two bands depends on a number of factors such as the number of pulses fired per spot, intensity and wavelength of the laser beam [3] . In this contribution, radially and azimuthally polarized laser beams have been used for reshaping. Fig. 2 shows the experimental setup used and the laser beam polarization states. The laser source was a Coherent Talisker Ultra System at 532 nm wavelength, 200 kHz repetition rate and ~ 10 ps pulse width. A commercially available polarization convertor (swave plate, Altechna) was used to produce radially and azimuthally polarized light where the polarization state was changed depending on the s-wave plate orientation relative to the linearly polarized incident beam. The beam was then focused with a 100 mm F-theta lens and controlled by an automated scanning system. The beam had a doughnut-like intensity profile and the diameter at the focus was measured to be ~ These were determined to be the optimal parameters for the reshaping process resulting in the highest value of the SPR separation gap with no nanoparticle dissolution. After the laser irradiation, the samples were characterized in a JASCO V-670 UV/VIS/NIR spectrophotometer and a KEYENCE VHX-1000 digital microscope system.
It has been shown [14] that the elongated Ag nanoparticles embedded in a dielectric matrix demonstrate SHG when excited by ultra-short laser pulses. The highest SH signal is observed for the linearly polarized excitation beam with the polarization vector aligned parallel to the long axis of the nanoparticles. This concept was used for further characterization of the reshaped nanoparticles. The SHG measurements were conducted in an inverted microscope setup in the transmission geometry as depicted in Fig. 3 . Here, a linearly polarized 1064 nm laser beam with pulse duration of ~ 10 ps at a repetition rate of 200 kHz was used as an excitation source. The incident polarization direction was adjusted using a half-wave plate (λ/2 plate). The beam was passed through a two-lens telescopic system (4×) and then focused onto the sample at normal incidence with a 100 mm focusing lens. The beam diameter on the MGN surface was measured to be ~ 20 µm. For these experiments a laser fluence of ~ 3 mJ/cm 2 was used. A CCD was used to aid the sample alignment. A high precision translation stage was used to scan the irradiated MGN samples across the excitation laser beam. Four different incident polarization directions of the excitation beam were utilized in the experiment -parallel, perpendicular and ±45 o to the direction of the irradiated line. The SHG signal was collected with a 20× microscope objective (Nikon, NA = 0.5) and then focused with a 63 mm focal length lens into a spectrograph (ORIEL MS257, 1200 grooves/mm grating) equipped with a TE-cooled CCD camera (Andor Newton).
Results and discussion
Squares of 3 mm × 3 mm were written line by line in the MGN sample for radially and azimuthally polarized incident irradiation. The extinction spectra of the irradiated areas as a function of wavelength were measured using the spectrophotometer with a linearly polarized light illumination. The spectra for four different incident polarization directions of the illumination can be seen in Figs. 4(a) and 4(b) along with the spectrum of the sample before irradiation. Figs. 4(c) 4(f) show microscope images of the irradiated areas. The linearly polarized microscope illumination in transmission was used to visualize the modified areas. The incident light polarization direction was adjusted to be at 0˚, 90˚ and ±45˚ to the irradiated lines.
As can be seen, there is no clear dichroism present in the samples irradiated with the radial and azimuthal polarized laser beams, rather a permanent change to the SPR, with small variations in the intensity and peak position at the 'red-shifted' band. Moreover the modification of the SPR band that can be seen from the images is rather similar for both radially and azimuthally polarized beam modified areas. In addition, and for comparison purposes, Figs. 4(c) 4(f) also show an area irradiated with linearly polarized light which produced highly organized nano-ellipsoids (in the direction of laser polarisation). The dichroic effect can be clearly observed as a change of color from blue/green to brown/red between Figs. 4(c) and 4(e). Figs. 4(d) and 4(f) show an intermediate situation where both blue and red shifted SPRs are present. It should be noted that Fig. 4(f) has similar color to Fig. 4(d) , due to the fact that the direction of the nanoparticle elongation in the sample was not exactly vertical but slightly offset to the left. For further analyses, single lines were written in the MGN sample by scanning the laser beam, at first, from left to right with the same laser parameters as for the squares in order to define the laser-induced modifications at a smaller scale. The digital microscope images of the lines are shown in Fig. 5 with the microscope settings as in Fig. 4(c) 4(f) . The lines possess somewhat noticeable "waviness" due to some instabilities in the beam scanning system. This, however, did not affect our further analyses. Fig. 5(a) shows the lines irradiated with azimuthally polarized beam for four different incident polarizations of the illumination; Fig.  5(b) shows the radially polarized beam irradiated line. Two separate areas can be distinguished in each line -the blue/green colored part associated with the 'red-shifted' SPR band and the brown/red part that represents the 'blue-shifted' SPR. The left hand side insets in Fig. 5 indicate the position of the blue part on each line cross-section. The non-uniform coloration of the lines and its dependence on the polarization of illumination led us to believe that the blue/green part of each line is caused by the formation of ellipsoidal nanoparticles during irradiation with different angular positions along the cross-section of each line. This effect was obviously averaged for the large area squares presented earlier - Fig. 4(c) 4(f) . It is also evident that these two lines irradiated with both azimuthally and radially polarized laser beams differ from each other antagonistically which can be a result of the very character of these polarizations -their polarization components are orthogonal to each other, e.g. the long axis of the Ag nano-ellipsoids is positioned vertically in the center of the azimuthally polarized beam irradiated line and horizontally on the edges- Fig. 5(a) whereas in the radially polarized beam irradiated line- Fig. 5(b) , the vertically positioned Ag nano-ellipsoids are at the edges of the line and horizontally orientated ellipsoids are in the central part of the linesimilar to the other illumination polarizations. In order to confirm these findings, a precise experimental setup, discussed in experimental methods and shown in Fig. 2 , was constructed. Intensities of the SH signal were measured as a function of the incident laser light polarization directions across the cross-sections of the azimuthally and radially polarized light modified lines. The intensity of the SHG is the highest for the polarization vector of the excitation beam aligned along the long axis of the nanoparticles. As previously mentioned the ellipsoidal shape modification and different orientations of the nano-ellipsoids within the laser modified lines are assumed. Results of the measurements are presented in Fig. 6 . The normalized intensities of the SHG signals are shown in Figs. 6(a) and 6(b) as a function of the relative position within the line cross-section. The black arrows show the polarization of the incident laser beam. These results allowed us to determine the shape and orientation of the Ag nanoparticles in the laser modified areas for both azimuthal and radial polarizations. Fig. 6(a) shows the results for azimuthally polarized laser modification. Here, the position of the highest intensity region is in agreement with the assumption made before: scanning across the line from the top to bottom-Figs. 6(c) 6(d)), for horizontal polarization of the 1064-nm excitation beam the highest intensity of SH signal was registered at the edges (borders) of the line (top and bottom) corresponding to two peaks. Scanning from the top edge of the line down, based on the SH signal intensity changes the nano-ellipsoids orientated at 45° were found, followed by the 90°-orientated ellipsoids, for the excitation light being vertically polarized. The SH signal changes accordingly further down the cross-sectional scan for nanoparticles orientated at -45°. It is worth noting the orientation of the nanoparticles reshaped in this single scan. It is known from irradiation using linearly polarized light either at 400 nm or 532 nm that the originally spherical nanoparticles are reshaped to elliptical ones with their long axis along the polarization of the irradiated beam [3, 5] . From the above observations, one may conclude that in each irradiated spot using the azimuthally polarized beam four different orientations of the nanoparticles are observed. The cases of ±45° are of particular interest here since these indicate that the final reshaping of the nanoparticles was dictated by the tails of laser pulses rather than their tips.
The SHG cross-sectional scans of the lines modified using radially polarized beam are presented in Fig. 6(b) . Similarly scanning across the line from top to bottom-Figs. 6(c) 6(d)), for the vertical polarization of the excitation beam at 1064 nm the largest SH signal was observed at the edges (borders) of the line (top and bottom) corresponding to two peaks. Further down the nano-ellipsoids orientated at -45° followed by the horizontally and +45° orientated ellipsoids were identified. The peculiar orientations of the nanoparticles observed within each irradiated spot follow the same argument as for the azimuthal polarization. This supports the reshaping mechanism and the argument centered around the role of the tail of the laser pulses for nanoparticles orientated at ±45°. It is worth nothing that for irradiation from right-to-left the orientation of the nanoparticles situated at ±45° are reversed as compared with irradiation from left-to-right considered above. 
Conclusions
Radially and azimuthally polarized picosecond pulsed irradiation of Ag nanoparticles embedded in soda-lime glass resulted in elongation of previously spherical nanoparticles and formation of uniquely positioned nano-ellipsoids. For this work, a picosecond pulsed laser (10 ps) at 532 nm was employed delivering 2000 pulses per spot at 200 kHz. The directionality of the nano-ellipsoids within the irradiated area was set by the laser polarization componentsradial or azimuthal. A permanent SPR band shift has been observed in a multi-pulse irradiation regime. Characterization of the created nano-structures was performed with the use of SHG from the reshaped nanoparticles. This effect gave a precise description of the structures obtained at the micro-and nano-scale, showing that the nanoparticles were elongated in different directions within each of the irradiated line cross sections. The opposing character of reshaping between the radial and azimuthal polarizations was presented. Macroscopically, linear optical properties for these two incident polarizations were in agreement.
The reshaping method presented adds an additional technique to shape manipulations of MGNs embedded in soda-lime glass. It expands the knowledge base of already existing methods for versatile techniques of reshaping of nanoparticles with ultra-short laser pulses. It paves the way for nanoparticle shape modification in terms of future new experiments that could be performed with different laser polarizations in order to achieve more complicated nanoparticle modification [18] [19] [20] [21] [22] [23] . This method can lead to nano-engineering of novel optical materials for applications in security and data storage with highly improved marking capacity due to fine nanoparticle position control. The functionality and applicability of these types of material in photonics could be vast, and the method of fabrication using ps pulsed laser sources proves to be robust and cost effective.
